Minnealloy: a new magnetic material with high saturation flux density and low magnetic anisotropy 
Introduction
Soft magnetic material is an important building block for motors, generators, sensors, write heads of hard disk drives, transformers, and inductors [1] [2] [3] [4] . A combination of high saturation flux density, and low magnetic anisotropy is rare to find in one soft magnetic material. The high saturation flux density will enable the reduction of machine size, and low magnetic anisotropy will enable higher efficiency [5] . With this combination, the material can be used as the core in high efficiency energy converter applications. Moreover, the fast growth of areal density of magnetic recording media requires a high flux density material with low magnetic anisotropy for write heads [6] . Currently available soft magnetic materials such as Fe, Fe-Ni, Fe-Si, Fe-Co, ferrites and Fe-based nanocrystalline and amorphous soft magnets cannot provide this desired combination [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Silicon steel (Fe-Si), pure iron (Fe), Permalloy (Fe-Ni), and nanocrytalline and amorphous Fe-based alloys [18] , which are currently used in high performance transformers and motors, have saturation flux density of 1.3-2.2 T [9, 13, 18] . The Fe-Co alloy, which is currently used in write heads, has a higher saturation flux density of 2.40 T [11, 15, 19] , however Co is a 'critical material' based on its supply chain risk reported by the Critical Materials Institute [20] . In the 1990s, α″-Fe 16 N 2 was reported with a flux density of 2.8-3.0 T, which triggered the search for Fe-N based high flux density materials [21] . However, α″-Fe 16 N 2 has a high magnetocrystalline anisotropy of 1000 kJ m −3 [22, 23] , which renders it unsuitable for soft magnetic applications. With increasing demand for machine miniaturization, energy efficiency, and reduction of dependence on elements that are in short supply, much effort is currently devoted to the search of new sustainable materials with a high satur ation flux density of >2.4 T, and low coercivity of 5-80 A m −1 . Herein, we report a new soft magnetic material, Minnealloy, a compound of Fe, N and C, α′-Fe 8 (NC). The superior magnetic fux density of Minnealloy suggests that this material will be helpful in building next-generation electronic systems having smaller size and weight.
Materials and methods
The material was prepared by a vacuum cold crucible casting system (Crystalox Bridgman Stockbarger System) which is based on the induction melting process. The vacuum of 2 × 10 −2 mbar was obtained using a mechanical pump, and then Ar was used as a working gas. The molten metal was levitated in the water-cooled crucible with the aid of magnetic levitation. Urea (Sigma-Aldrich, 99.5%) was used as the source of nitrogen and carbon and was wrapped inside a 0.1 mm iron foil (Sigma Aldrich, 99.5%). The chemical reaction of decomposition of urea ((NH 2 ) 2 CO) was as follows: The wrapped precursor was compressed in a cold press at 2 MPa for 10 min and a pellet-like Fe-urea precursor was prepared. The iron foil was initially melted by induction heating and the decomposed urea (NH 2 -CO-NH 2 ) was the source to diffuse nitrogen and carbon in the molten iron to form γ-FeNC (solid solution of N and C in Fe lattice). The crystal structure of γ-FeNC is face-centered-cubic (FCC), where N and C atoms are randomly distributed in face center positions of Fe lattice. The sphere shaped sample was then cut into ribbons of 5 × 1 × 0.2 mm 3 size. The ribbons were then annealed at 640 °C for 30 min and quenched in ice-water to transform FCC crystal structure to body center tetragonal crystal structure. After quenching, martensitic α′-Fe 8 (NC) was formed, and was annealed at 180 °C for 20 h to remove the residual stress generated in the lattice due to quenching process.
The chemical composition of the sample was measured by Physical Electronics 670 Auger electron spectroscopy (AES). The analysis was done at 5 kV/5 nA. AES measurement was done after removing 1 µm of the surface material via sputtering using Ar gas. Physical Electronics 555 x-ray photoelectron spectroscopy (XPS) (non-monochromatic Mg/ Al K-α x-ray source) was used to measure the binding energy of carbon with iron and oxygen. A microdiffractometer with Cu Kα radiation (Bruker D8 Discover 2D) was used to obtain the x-ray diffraction (XRD) spectrum. The spectrum was refined by fitting the data in a Gaussian profile using JADE. The magn etic properties of the sample was measured using a Princeton Measurements vibrating sample magnetometer (VSM) 3900 series, which has a sensitivity of 5 × 10 −9 Am 2 (5 µemu). The field resolution of the VSM is 0.5 Oe or, 40 A m −1 (0.005% of full range field up to 10 KOe). Before each measurement, the instrument was calibrated using a standard Ni sample with known magnetic moment (44.4 memu), provided by NIST. The density of the sample was calculated by measuring the mass of the sample using Secura225D-1S mass balance system with 0.000 01 g resolution and then, calculated the volume of the ribbon based on the dimensions (width, length and thickness). Scanning electron microscopy was done by using Hitachi SU8230 SEM. Transmission electron microscope (TEM) samples were prepared in an FEI Quanta 200 3D focused ion beam (FIB) operating at 30 kV of gallium ion beam with a lift-out method. FEI Tecnai G2 F30 (S)TEM having a Schottky field emission electron gun operating at 300 kV with extraction voltage of 4 kV was used for electron diffraction and conventional bright-field TEM imaging. 
Results
The prepared ribbons with a dimension of 3.4-3.9 × 0.35 × 0.2 mm 3 are shown in figure 1(a) . XRD of the Minnealloy samples was done with Cu Kα radiation. The θ−2θ scan is shown in figure 1(b) . The martensitic phase transformation is one of the main controlling factors of the purity of the Minnealloy samples. The Gibbs free energy change (ΔG) of the martensitic phase transformation is proportional to the degree of undercooling below the martensite start temperature. To obtain a high volume percentage of martensite phase, the quenching process was optimized by selecting proper quenching media and quenching time. The XRD θ−2θ scan of the quenched sample showed diffraction peaks from the martensite phase, α′. Unique peaks were obtained from the (1 0 1), (1 1 0), and (2 0 0) planes of Minnealloy (α′-Fe 8 (NC)). Based on the XRD scan, we found a 42 ± 12% vol α′-Fe 8 (NC) phase with a 53 ± 12%vol Fe and a 5 ± 1%vol Fe 2 O 3 . The calculation of phase composition is shown in supplementary S1 (stacks.iop.org/JPhysD/50/37LT01/mmedia). The lattice parameter was also calculated based on the lattice spacing obtained in XRD. The Minnealloy phase has a lattice parameter of a = 0.288 nm and c = 0.305 nm.
We analyzed the composition of the sample by AES. The spectrum from the AES is presented in figure 1(c) . We found a composition of 71 at% iron, 4 at% nitrogen, 14 at% carbon, and 11 at% oxygen in the Minnealloy sample. The excess carbon is randomly distributed in the Fe lattice, which is evident from the XPS result shown in figure 1(d) . In order to understand the carbon distribution, we analyzed the carbon concentration with XPS. Figure 1(d) shows the Gaussian fit of the C 1s spectra, where four peaks are obtained at 284.4, 285.6, 287.7 and 289.6 eV. The peak at 287.7 eV arises from the C-O-C bond [24] , while the peaks at 285.6 and 289.6 eV are from the C-C and O-C=O bonds, respectively [25] . Jiang et al [25] also observed the evidence of an Fe-C bond from 283.9 to 284.3 eV, which confirms the existence of Fe-C bond in our sample at 284.4 eV. Based on the Gaussian fitting of the plot, 4 at% carbon bonds to iron to form an α′-Fe-C compound. Carbon and oxygen originating from the decomposition of urea (NH 2 -CO-NH 2 ), which are trapped inside the bulk sample due to very fast cooling.
Magnetic properties of the Minnealloy were measured with a VSM with a maximum applied field up to 800 kA m −1 . Figure 2 shows the magnetic hysteresis loop of a Minnealloy sample. The ribbon sample with mixed phases possesses a specific saturation magnetization (M s ) of of 258 emu g −1 (sample density, ρ = 7.6 ± 0.05 g/cc). The saturation flux density, B s = 4πM s ρ/10 4 , was obtained as of 2.47 T, which is demonstrated in figure 2 . The saturation flux density of 2.47 T of the ribbon is a mixed contribution from Minnealloy, α-Fe and Fe 2 O 3 . We calculated the contribution from Minnealloy phase based on the wt% of phases calculated by using XRD scan. The saturation flux density of Minnealloy phase was found as 2.8 ± 0.15 T. Details of the calculation are enclosed in supplementary S2. The coercivities of the sample were 197 A m −1 (~2.4 Oe) and 295 A m −1 (~3.7 Oe) for the applied magnetic field along the in-plane and out-of-plane direction of the ribbon, respectively. Coercivity is an extrinsic property, which can further be reduced by microstructure engineering with small doping element and heat treatment. Considering the importance of rapid publication of this important finding, we can report a detailed study on microstructure engineering for coercivity reduction in future publications.
Discussion

Magnetic anisotropy
The magnetic anisotropy was calculated based on the law of approach to saturation (LAST) stated in equation (1) [26] :
where H is the external magnetic field, M(H) is the magnetization at a specific magnetic field, M s is the , which is comparable to the low magnetocrystalline anisotropic material, i.e. α-Fe (45 kJ m −3 ). Details of the magnetic anisotropy calculation are shown in supplementary S3. Figure 3 shows the microstructural characterization of the Minnealloy sample using transmission electron microscopy (TEM) and scanning electron microscopy (SEM). The selected area electron diffraction (SAED) pattern in figure 3(a) reveals that the examined ribbon contains phases such as α′-Fe 8 (NC) and α-Fe. The diffraction patterns match to the result found in XRD. Figure 3 The structure and composition characterization methods used here suggest the presence of an α′-Fe 8 (NC) phase with some ordered α″-Fe 16 N 2 , though other Fe-N and Fe-C phases may be present. Owing to compositional complexity and the importance of rapid reporting of the magnetic results, detailed determination of the structure and composition will be the subject of future work.
Microstructure
Physical model for low magnetic anisotropy
The theoretical basis of Minnealloy's high saturation flux density and low magnetic anisotropy is not well understood. A physical model is proposed in figure 4 . The model depicts a soft magnetic material with two mixed phases, one with positive magnetocrystalline anisotropy, and one with negative magnetocrystalline anisotropy and it can explain the low magnetic anisotropy. α′-Fe 8 N and α′-Fe 8 C have magnetocrystalline anisotropy of 4.6 × 10 6 erg cm −3 , and −2.1 × 10 6 erg cm −3 , respectively [27] [28] [29] . The easy axis of magnetization of the α′-Fe 8 N and α′-Fe 8 C is along [0 0 1] and [1 0 0], respectively, thus the magneto crystalline anisotropy has different signs. When the phases are present in a cluster, their magnetocrystalline anisotropy annihilates each other; and we obtain a material with a high saturation flux density, and a low magnetocrystalline anisotropy.
Conclusion
In conclusion, the present work demonstrates that we synthesized 'Minnealloy' (α′-Fe 8 (NC))-a compound of iron, nitrogen and carbon, with a high saturation flux density, a low magnetic anisotropy and a low coercivity. Saturation flux density is at least 27% higher than α-Fe, and magnetic anisotropy is equivalent to α-Fe. This new soft magnetic material can help greatly in miniaturization of electronic devices, and also can boost the efficiency of the electric systems such as transformers, inductors, hard disk write heads etc.
